• It is well-known that the administration of a large dose of histamine to experimental animals can produce severe and persistent hypotension, a condition often referred to as histamine shock. 2 Because of the increase in hematocrit observed under such circumstances, the cause of the decrease in arterial pressure was once attributed to an escape of plasma from the dilated capillaries, 2 with ensuing reductions in blood volume and cardiac output. Using T-1824 to measure directly the plasma volume in unanesthetized dogs before and after the subcutaneous injection of large doses of histamine, however, Deyrup 3 found no decrease in the plasma volume when the arterial pressure was markedly reduced for many hours. Furthermore, the increase of hematocrit usually found in dogs during histamine hypotension cannot be demonstrated after splenectomy.' 4 Thus, in the dog at least, the so-called hemoconcentration is actually due to a contraction of the spleen. In unanesthetized dogs, Deyrup and Eoot showed that the cardiac output decreased drastically after the subcutaneous injection of large doses of histamine. Since the heart rate increased under such conditions, it seems likely that the reduction in cardiac output is caused by a decrease in venous return. Although the total blood volume does not decrease during histamine shock,' 4 a change in the distribution of blood occurs such that the F ce iis value (overall cell percentage/large vessel cell percentFrom the Department of Physiology, Columbia XJnivorsity College of Physicians and Surgeons, New Tork, New York.
A preliminary report, given at the 1961 Federation Meeting of the American Physiological Society, has appeared in abstract form. 1 Received for publication July 9, 1962. Circulation Research. Volume XII, January 1963 age) of the overall circulation decreases. 4 In addition, histamine is known to dilate the minute vessels; 0 hence a pooling of blood in the peripheral circulation may conceivably cause an impaired venous return. In view of reports that the splanchnic bed contains 20% of the total blood volume 7 
'
s and that significant splanchnic pooling occurs after the administration of 1-hydrazinophthalazine" and hexamethonium, 10 it seemed interesting to determine whether the splanchnic blood volume increases during histamine shock. In the present experiments, spianciinic blood flow and splanchnic blood volume were determined by indirect methods 11 ' 12 in splenectomized dogs during histamine hypotension, and the results are correlated with changes in the S3 r stemic circulation.
Methods
Twenty-one healthy mongrel dogs, of which twenty had been splenectoniized for at least one month, were anesthetized with sodium pentobarbital (33 mg/kg) and used for these experiments. The taiehea was intubated routinely.
The estimated splanchnic blood flow (ESBF), circulating splanchnic blood volume (CSBV) and total blood volume were determined in 14 dogs and the control values are reported in an accompanying paper, 8 wherein the methods for these measurements are described. In 10 of these 14 dogs, after the control measurements had been made, 5 ml of a solution of histamine diphosphate in saline were injected subcutaneously. The concentration of the solution was such that 3 ing of histamine base were administered per kg body weight. Immediately after the injection of histamine, the infusion rate of sulfobromophthalein sodium (BSP) was reduced to one-fourth of that during the control period." Forty to 60 minutes later, the measurements on splanchnic plasma flow (BSPF), splanchnic cell flow (ESCF), circulating splanchnic plasma volume (CSPV), circulating splanchnic cell volume (CSCV), total plasma volume *Eefer to footnote next page.
30
OHIEN, KRAKOFF and total cell volume were repeated. In determining the CSBV after histamine injection, the rate of sampling from the arterial and the hepatic venous catheters was reduced to 2 ml/min and the total sampling duration was extended to six minutes.* The other 4 of 14 dogs were subjected to the same experimental procedures as described above, except thnt 5 ml of 0.9% saline, instead of a histamine solution, were injected subcutaneously between two sets of determinations of flow and volume. In these 4 experiments, neither the rate of BSP infusion nor the rate of blood sampling in CSBV determination was changed. Besides these 14 dogs, 6 other dogs were used for the determination of cardiac output and wedged hepatic venous pressure, 13 before and after the subcutaneous administration of histamine (3 mg base/kg, as histamine diphosphate). Under tluoroscopic control, a catheter was introduced into the left hepatic vein and then advanced as far as possible. This catheter was connected to a pressure transducer and a Sanborn recorder for the continuous recording of the wedged hepatic venous pressure. In all pressure measurements, the zero reference level was one-third the anteroposterior thickness of the thorax behind the anterior sternal surface. 14 The cardiac output was determined by using an indicator dilution technique. l! i A known amount (usually 4 /xc) of I l:ll -lnbeled human serum albumin was injected rapidly into the superior vena cava or the right atrium through a catheter. Blood was withdrawn at a rate of 25 ml/min from a femoral artery or a common carotid artery and allowed to flow through a polyethylene coil placed in a scintillation counter. The change in the radioactivity in the arterial blood was then monitored with the use of a rate meter and a Sanborn recorder. The blood was returned to the animal immediately at the end of each cardiac output measurement. From the dilution curve of I 131 -albumin, the cardiac output WAS calculated. 15 The post-histamine measurement of cardiac output was made 40 to GO minutes after histaniine injection.
In one dog the spleen was removed after sodium pentobarbital anesthesia and a catheter was introduced via a splenic vein into the portal vein. In this acute experiment, portal venous pressure, wedged hepatic venous pressure and pressures in the inferior vena cava and abdominal aorta were *Bec:uiso of the decrease in splanchnic blood flow and the increase in splanchnic mean circulation time after histamine injection, it was necessary to reduce the BSP infusion rate in order to maintain a steady arterial concentration, and the sampling duration during splanchnic blood volume determination must bo prolonged in order to achieve equilibration of the radioisotopes in the splanchnic bed. recorded before and after the subcutaneous injection of histamine (3 mg base/kg).
Results

SYSTEMIC CIRCULATION
The changes in total blood volume, mean arterial pressure and heart rate after the injection of histamine or saline are summarized in table 1. The findings on blood volume and arterial pressure after histamine injection (table 1A) are in agreement with the results in a previous report 1 on another series of splenectomized dogs, with or without anesthesia. Thus, the cell volume decreased, the plasma volume increased, and the total blood volume remained almost the same as the control value. These results were associated with an essentially unchanged arterial cell percentage, resulting in a significant decrease in the overall P ce iiB value calculated from such measurements. About 30 seconds after the injection of histamine, the arterial pressure began to decrease rapidly from a control value averaging 131 mm Hg. Within two minutes, the pressure reached a persistent, low level averaging 45 mm Hg and this was maintained for at least three hours after injection.
In the four control dogs which did not receive any histamine (table IB), the cell volume and the plasma volume both showed a slight decrease. The overall F C eiis value and the mean arterial pressure, in contrast to the dogs receiving histamine, remained almost unchanged. In both groups of dogs (table 1A and IB), the heart rate showed no significant alteration.
In six dogs, the cardiac output was determined and found in every ease to decline after histamine injection (table 2) . The post-histamine cardiac output averaged 47% of the control. Since the mean arterial pressure in these dogs decreased to 29% of the control, the calculated total peripheral resistance also decreased.
ESTIMATED SPLANCHNIC BLOOD FLOW (ESBF)
After the injection of histamine (table 3A) , ESBF, ESPF and ESCF all decreased drastically in every dog. Since the artei"ial cell percentage showed no significant change after histamine, the per cent decreases in BSPF, BSCF and ESBF are very close to one another. The ESBF decreased by an average of 67% of the control and this value is practically the same as the average decrease of the mean arterial pressure in the same group of dogs (66% , table 1A ). Hence the average figures for the calculated splanchnic vascular resistance (mean arterial pressure in mm Hg over ESBF in ml/sec) before and after histamine showed no significant difference. When ESBF was measured after histamine, the arterial BSP concentration was maintained at about the same level as in the conti'ol period (table 3A) . The BSP extraction ratio by the liver, on the other hand, decreased after histamine injection. In the four control dogs receiving saline injection (table 3B), the ESBF also decreased, but the average decrease was only 22%. Since the mean arterial pressure remained essentially unchanged, in three of four dogs the calculated splanchnic vascular resistance increased in the second set of determinations made after saline injection. The BSP extraction ratio increased in three dogs and decreased in one.
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CIRCULATING SPLANCHNIC BLOOD VOLUME (CSBV)
There were no consistent changes in CSBV, CSPV and CSCV after histamine injection (table 4A) . The CSBV, decreasing in six dogs and increasing in four dogs, had an average value 6% lower than the control, but this difference is not statistically significant. The splanchnic cell percentage decreased in seven dogs and increased in one. The post-histamine splanchnic F C( ,]| B value averaged 0.S05 and the mean decrease of 9% is significant at the 95%. level (Student T test). Since the splanchnic flow was reduced (table 3A) in the face of an essentially unchanged volume, the calculated splanchnic mean circulation time for both plasma and cells was markedly prolonged in every dog (table 4A).
In the control dogs receiving saline injection, there were no detectable changes in CSPV, CSCV, CSBV, splanchnic cell percentage and splanchnic F n s value (table 4B) . The increase in the splanchnic mean circulation time was rather slight when compared with that obtained after histamine.
HEPATIC AND PORTAL VENOUS PRESSURE
After histamine injection, the wedged hepatic venous pressure inci was still Jiigher than the control values one hour after histamine injection. There was frequently a reciprocal relationship between the arterial pressure and the wedged hepatic venous pressure.
The liepatic venous pressure was measured in dogs 6 through 10. The control value averaged 5 nun Hg. After histamine injection, the hepatic venous pressure decreased by an average of 1 nun Hg.
In the acute experiment shown in figure 1 portal venous pressure increased from a control value of 7 mm Hg to 17 mm Hg immediately after histamine, and the wedged hepatic venous pressure increased from 9 to 19 mm Hg. These changes were associated with an essentially unaltered inferior vena caval pressure and a drastic decrease in arterial pressure.
Discussion
The changes in total blood volume and arterial pressure (table 1AJ after the subcutaneous injection of histamine (3 mg/lcg) confirm the findings in a previous report.' 1 The arterial pressure decreased rapidly and markedly. The slight decrease in cell volume can be explained by the loss during sampling and is compensated by an jncrease in the plasma volume, resulting in an unchanged blood volume. The overall cell percentage decreased whereas the arterial cell percentage remained unchanged; hence the overall FCoiis value decreased. The carclioaeceleration observed in unanesthetized animals 3 ''' was ab-
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35 sent in the dogs under pentobarbital, due principally to the elevation of the control heart rate in the latter dogs. When saline was used in place of histamine (table IB) , the slight lowering of the second cell volume can again be explained by sampling. The fluid replacement was less and the total blood volume decreased slightly by an average of 7.2 r /t . With this rather small decrease in blood volume in the control group, the arterial pressure showed no significant change. This agrees with the results obtained on unanesthetized splenectomized dogs. 10 The data in the literature concerning the effect of histamine on the cardiac output and total peripheral resistance are conflicting. This is probably due to the differences in the animal species used, the state of anesthesia, the presence or absence of the spleen, the dose and mode of administration of histamine, and the time at which measurements are made. Giving 10 mg/kg of histamine subcutaneously to unanesthetized dogs, Deyrup and Root 1 "' found that the cardiac output decreased and the total peripheral resistance usually increased. Similar findings were reported by Storstein et al., 17 injecting intravenously 0.0.1 to 0.02 mg/kg into anesthetized dogs. On the contrary, others 18 "-0 have reported an increase of cardiac output, and a decrease of total peripheral resistance in anesthetized dogs after histamine administration, with doses of 0.3 to 1.5 mg/kg subcutaneousl.y, and 0.25 to 0.30 mg/kg ) and 0.0025 to 0.02 ing/kg intravenously.
In our anesthetized, splenectomized dogs receiving 3 mg/kg of histamine subcutaneously, the cardiac output measin-ed at 40 to 60 minutes after injection showed an average decrease of 53% (table 2) , which is less than the per cent decrease of mean arterial pressure. Hence the reduction in arterial pressure is due to decreases of both the cardiac output and the total peripheral resistance. These results are similar1 to those reported by Remington and Baker'-in anesthetized, splenectomized dogs receiving an intravenous infusion of histamine (15 ,ug per kg per min). In the absence of Circulation Research, Volume XII, January 196S a significant change in hematocrit, the most likely reason for the decrease in total peripheral resistance is the dilation of arterioles, which has been observed directly in several vascular beds after histamine administration. 22 The reduction in cardiac output, however, is more difficult to explain.
After the injection of histamine, the EXBF decreased in every dog and the average decrease amounted to 67% of the control (table  3A) . The ESBP in each dog was calculated as an average of three periods of determination over a span of about 20 minutes. The agreement among the successive determinations, together with the constancy of other circulatory parameters, indicates that a steady state was attained at this period of histamine hypotension, during which we made our measurements. In the control dogs receiving only saline injection, the ESBF also decreased, but only by 22%, and the statistical significance of this decrease is questionable. The reduction of ESBF in the control group can be explained, at least partially, by the decrease in total blood volume observed only in this group (table 1) . Hence the dramatic decrease of ESBF in this histamine group is due mainly to the effect of histamine. As a result of the marked decrease in ESBF after histamine injection, there was some disturbance of hepatic metabolism. This is demonstrated b}r the reduction of hepatic extraction of BSP in the face of a decrease in BSP load, which is equal to the product of ESPF and the arterial BSP concentration.
When the average changes in ESBF (table  3A) and in cardiac output (table 2) obtained from different dogs are combined, it is found that the control ESBF represented 21% of the cardiac output and that after histamine ESBF represented only 15% of the cardiac output. Since both ESBF and the mean arterial pressure decreased to about one-third of the control (tables 1A and 3A), the calculated splanchnic vascular resistance remained almost unchanged after histamine injection. The splanchnic bed consists of many resistive elements in series as well as in parallel. 7 Thus, 
Changes in abdominal aortic pressure, portal venous pressure, inferior vena caval pressure and wedged hepatic venous pressure in an acutely splenectomized dog after the subcutaneous injection of histamine (3 mg base/kg body weight). Note that the portal and wedged hepatic venous pressures follow each other rather closely and that these two curves generally bear a reciprocal relationship to the aortic pressure record.
the total resistance between the aorta and hepatic veins is comprised, in series, of the resistance between the aorta and sinusoids (R a ) and that between the sinusoids and hepatic veins (Rh). After histamine injection, the wedged hepatic venous pressure, which probably reflects the sinusoidal pressure, 13 increased markedly while the hepatic venous pressure decreased. Since this increase in the pressure gradient between the sinusoids and the hepatic veins was associated with a severe reduction in flow, the resistance between these two structures (R h ) must have increased markedly. Although the interpretation of the wedged hepatic venous pressure is still an unsettled problem, the similarity in the changes of wedge pressure and portal pressure after histamine ( fig. 1 ) would certainly indicate that there was an increase in resistance somewhere between the portal vein and the hepatie vein. In this connection, it is interesting to note that a powerful constriction of the muscular coat of hepatie veins and venules has been directly observed. 23 The absence of any consistent change in the total splanchnic vascular resistance in our experiments probably is a result of the simultaneous occurrence of a decreased R s and an increased R|,. Since the administration of histamine is known to result in a stimulation of the synipatheticoadrenal system-4 -2r > the activity of the latter probably operates to minimize the decrease in R s and the increase in R h . 20 Our findings that both the portal venous pressure and wedged hepatic venous pressure increased to comparable degrees after histamine injection agree with data in the literature. 1112T The association of the decrease in portal venous pressure with the increase in arterial pressure resembles the findings in endotoxin shock." 8 As a result of arteriolar dilation and hepatic venoconstriction, the capillaries in the splanchnic bed were probably dilated passively. From anatomical data, it has been estimated that the outflow tract of the hepatic veins contains about one-fourth of the splanchnic blood volume in a splenectomized dog. 7 That the CSBV did not show significant changes (table 4A) as a result of the hepatic venoconstriction after histamine administration probably was due to the simultaneous dilatation of the capillaries and an increase Circulation Research, Volume XII, January I9GS of blood volume therein. This postulation of a shifting of blood from the hepatic venous system to the capillaries gains further support from the finding that the splanchnic F C0 | ]8 factor decreased after histamine injection (table 4A) . Because the capillary blood presumably has a lower cell percentage than that of the blood in the large vessels,' 20 an increase in the volume of the former associated with a decrease in the volume of the latter would tend to decrease the splanchnic Fcoiis value. The reliability of the decrease in the splanchnic F ce] ls value after histamine is strengthened by the absence of such decline in the control dogs receiving only saline injection (table 4B) . After histamine administration, the Fooiis values in both the overall circulation (table 1A) and the splanchnic circulation (table 4A) decreased and the extent of decrease was comparable. Therefore, the splanchnic circulation seems to contain a fair share of the total "extra plasma" not only in the control measurements, but also after histamine injection, when total extra plasma is increased. Therefore the increase in extra plasma after histamine injection is not localized in a single bed in the circulation.
As mentioned before, after histamine injection, there is no pooling of blood in the splanchnic circulation and the evidence indicates rather a shifting of blood from the hepatic veins to the capillaries. This is different from the results found after the administration of 1-hydrazinophthalazine 9 and hexamethonium, 10 both of which increase CSBV. After the administration of histamine, the resistance to the outflow, but not the capacity, increases in the splanchnic bed. Such increase in the outflow resistance would also reduce the venous return, as in the case of an increase in capacity. Although the hepatic veins are invested with the special muscle coat sensitive to histamine, 23 they are not the only vessels undergoing constriction after the administration of histamine. Thus, venoconstriction with resulting increase in outflow resistance has also been observed in the foreleg of the dog after the intra-arterial infusion of histamine. 30 Our findings that the overall Fcoiis values decreased to a similar extent also suggests that the shifting of blood from the veins into the capillaries is not limited to the splanchnic circulation. If the constriction of veins is a rather generalized phenomenon after the injection of histamine, this may eontribute greatly to the reduction in venous return and cardiac output. Of course, the possibility that histamine may cause an inhibition of cardiac performance directly or through its action on the coronary vessels cannot be completely excluded. Under the conditions of our experiments, the reduction in cardiac output and the arteriolar dilatation contribute to the severe and persistent hypotension seen in histamine shock.
Histamine is known to increase capillary permeability. 31 In our experiments, as well as in some earlier work, 3 ' 4 however, the disappearance rate of I 131 -albumin and T-1824 from the circulation was not increased during histamine shock. Such absence of abnormal leakage of albumin can probably be ascribed to drastic reduction of intravaseular hydrostatic pressure. If there should be a marked extravascular leakage of I 131 -albumin in the splanchnic circulation, this would cause an overestimation of CSPV and an underestimation of splanchnic F c ,,ii s , but it would not invalidate the contention that there was no splanchnic pooling during histamine shock.
Summary
After the subcutaneous injection of histamine (3 mg/kg), changes in splanchnic and systemic circulation were studied in splenectomized dogs under sodium pentobarbital. The estimated splanchnic blood flow (BSP clearance and extraction) decreased by 67%. The extent of the decrease was almost the same as that for the mean arterial pressure; thus the splanchnic vascular resistance remained unchanged. This unchanged splanchnic resistance was ascribed to a combination of arteriolar dilatation and hepatic venoconstriction, and the latter was indicated by the increase in the wedged hepatic venous presCirctilntion licecarcli. Volume XII, January 196$ sure in the face of a decreased flow. The circulating splanchnic blood volume (equilibration technique) was not significantly changed after histamine, but there was a decrease in the splanchnic cell percentage. Therefore, the evidence indicates that during histamine shock there was a shift of blood from the hepatic veins to the capillaries, rather than a pooling of blood in the splanchnic circulation. The decrease in the splanchnic cell percentage was about the same as the decrease in the overall cell percentage. The venoconstriction in the hepatic circulation and probably also that in the other circuits contributed to a reduction in venous return. The cardiac output (indicator dilution method) decreased by an average of 51%. The total peripheral resistance decreased by an average of 39%. The drastic and persistent arterial hypotension in histamine shock was due to decreases in both the cardiac output and the peripheral resistance.
